Introduction 1 2
Epidemiological studies report associations between exposure to maternal 3 immune activation (MIA) and increased risk for psychiatric illnesses, including 4 schizophrenia (SZ) and autism spectrum disorder (ASD) in the affected 5 offspring [1, 2] . Based on these findings, reverse-translational animal models 6 of MIA were developed, particularly (but not exclusively) using the viral 7 mimetic polyriboinosinic-polyribocytidylic acid (poly I:C) [3, 4] . Administration 8 of poly (I:C) on specific gestational days (GD; range 9-17) induces a discrete 9 inflammatory response in the dam and elicits behavioural and neurochemical 10 abnormalities in the offspring that are of relevance for the aforementioned 11 psychiatric illnesses, providing both causation for the epidemiological data 12
and important mechanistic insights [3, 5-7]. On the other hand, differences 13 with regard to the strain of rodent, dose and route of administration of poly 14 (I:C) used to induce MIA are present in the literature [5, [8] [9] [10] [11] . These 15 methodological differences likely explain the variance in published data with 16 regard to behavioural and post-mortem brain phenotypes in rodent MIA 17 models [8, 9, 11, 12] . Reporting guidelines and painstaking methodological 18 work to establish the sources of variation in rodent MIA models, such as the 19 caging system used to house the animals, are critical steps forward to 20 address this issue [8, 10] . There is also a clear unmet need for an early 21 outcome measure with which MIA-exposed offspring that will develop a robust 22 behavioural phenotype may be identified and further enhance reproducibility 23 across laboratories [12] . 24 25 To address this gap, small animal magnetic resonance imaging (MRI) is one 1 experimental approach, which offers several advantages. First, 2 neuroanatomical phenotypes defined using high resolution MRI in 3 combination with advanced image processing techniques are quite robust [13, 4 14] . Second, MRI provides whole brain coverage, eliminating the need for a 5 priori hypotheses concerning implicated brain regions [15] . Third, MR imaging 6 operates at mesoscopic resolution, which is technically translatable to human 7 studies [16] . This is relevant in light of recent work examining the influence of 8 maternal cytokine levels on brain structure and function in human offspring, in 9 relation to the development of psychopathology [17, 18] . Fourth, non-invasive 10 MR imaging in rodent models may be directly linked with behavioural assays 11 and invasive post-mortem follow-up, to establish the neural correlates of 12 behaviour and the underlying mechanism(s) [19] . The utility of this approach is 13 exemplified by a number of landmark studies demonstrating that induction of 14 MIA in rodents using a range of protocols is associated with consistent sex-15 specific deviations from the normative developmental trajectory of brain 16 structure, function and neurochemistry [20] [21] [22] [23] [24] [25] [26] . As yet however, a 17 reproducible non-invasive MRI biomarker measured in early life that is 18 predictive of later dysfunction in MIA-exposed adult offspring has yet to 19 emerge. 20 21 Related to this, an important goal of our work is to explore the developmental 22 trajectory of MIA effects across the lifespan [27] . We have recently begun this 23 process by exploring the effects of MIA prior to birth, at gestational day 24 (GD)21 and just prior to weaning, at post-natal day PD21 [27] . This initial 1 study (see also commentary by Roderick and Kentner, 2019 [28] ) provided a 2 robust and systematic assessment of plasma IL-6, body temperature and 3 weight alterations in pregnant rats following poly (I:C) exposure and 4 preliminary evidence for gross morphological changes (e.g. brain to body 5 weight ratio, brain weight) and neuropathology (Iba1+ microglia number and 6 morphology) in male and female offspring at GD21 and PD21. The relevance 7 of these changes is currently being confirmed by behavioural assessment [27] . 8
Emerging evidence however, shows behavioural changes of relevance to 9 psychiatric disorders in GD15 poly (I:C) exposed offspring, including an 10 increase in ultra-sonic vocalisation in early life (PD6) and a deficit in sustained 11 attention in adulthood (PD125) [29] . Here, we sought to complement and 12 extend these initial results by characterising the impact of MIA on brain 13 volume and microstructure using high-resolution, ex vivo anatomical magnetic 14 resonance imaging (MRI) specifically at PD21. The rationale for this approach 15 is two-fold. First it will provide a detailed, brain-wide assessment of early 16 neuroanatomical differences between control and MIA-exposed offspring, 17 using the protocol reported in [27] Animals used in the present study were taken from a large cohort of control 5 and poly (I:C)-exposed Wistar rats generated at the University of Manchester. 6
Full details of rat strain, sex and housing conditions are reported in detail 7 elsewhere [27] . All procedures in this study were carried out in accordance 8
with the UK Home Office, Animals (Scientific Procedures) Act 1986 and EU 9
Directive 2010/63/EU. The University of Manchester Animal Welfare and 10 Ethical Review Body (AWERB) approved all experimental protocols used in 11 this study. 12 13
Maternal immune activation (MIA) and allocation of offspring for ex vivo 14
MRI phenotyping 15 16
Induction of MIA was performed at the University of Manchester as described 17 in detail elsewhere [27] . In brief, female Wistar rats were mated at 3 months of 18 At PD21 all pups were sacrificed and n=1 male and n=1 female offspring 28 selected from 5 (out of the available 8) control and poly (I:C) litters, giving a 1 total of n=10 (5 male, 5 female) offspring per experimental arm (control vs. 2 poly (I:C)). In the absence of data concerning effects of MIA on brain volume 3 in Wistar rats at PD21 and how this may vary by sex, a formal estimation of 4 sample size by power calculation was not possible. Rather, this study was 5 designed pragmatically to generate this data using the minimum number of 6 animals, in line with UK and EU guidelines (see www.nc3rs.org.uk) and taking 7 into account available MRI scanner time and financial resources. We therefore 8 selected a group size of n=10, comprised of 5 males and 5 females, such that 9 both experimental groups were matched for sex. This group size (n=10) is 10 comparable with prior in vivo neuroimaging studies in rodent MIA models [20, 11 24-26, 32] . As such, the results presented herein are preliminary given the 12 limited sample size and should be interpreted accordingly (see also 13 discussion). 14 15
2.3 Enzyme-linked immunosorbent assay 16 17
To confirm successful MIA in the dams, IL-6 concentrations in maternal blood 18 plasma (3 hours post-injection) were determined using a rat-specific ELISA 19
DuoSet (R&D Systems, Abingdon, UK) as reported elsewhere [27] . In brief, 20 absorbances were measured using a plate reader (MRX, Dynatech, UK) at 21 room temperature and results were calculated from the standard curve using 22
Prism software (v6.0, GraphPad, La Jolla, CA, USA). We present here only 23 the IL-6 values (pg/ml) for the specific dams from which offspring were 24 selected for inclusion in the MRI study. At PD21, offspring were culled by cardiac perfusion (0.9% saline followed by 6 4% paraformaldehyde) under terminal anaesthesia (sodium pentobarbital, 60 7 mg/kg i.p) and the brain tissue prepared for ex vivo MRI as described 8 elsewhere [16]. In brief, fixed brain tissues were kept intact in the cranium and 9 post-fixed for 24 hours in 4% PFA. Samples were then placed in 0.01M 10 phosphate buffer containing 0.05% (w/v) sodium azide to allow tissue re-11 hydration prior to MR imaging. Samples were then shipped to KCL and stored 12 at 4°C in this solution for 4 weeks prior to MR imaging. phase-encoded direction DTI images were additionally acquired to correct for 8 eddy current distortions (8min). Total scan duration for the entire protocol was 9 3hr 14min per brain. 10 11 2.6 MR image processing 12 13
After visual inspection of all MR images and elimination of those scans with 14 artefacts, the final n values per group for statistical comparisons were: 15 volume; CON, n=9 (4 male, 5 female) vs. POL, n=10 (5 male, 5 female); DTI: 16 CON, n=10 (4 male, 4 female) vs. POL, n=10 (5 male, 5 female). The MR 17
Images were converted to NIFTI format and processed using a combination of 18 First, a Tukey filter was applied to the FSE images in k-space to remove high 23 frequency noise and they were corrected for intensity inhomogeneity using the 24 N4 algorithm [36] . Second, FSL topup and eddy were used to remove 25 distortion and eddy current artefacts in the raw diffusion data [37, 38] using 26 acquired DTI data with a reversed phase-encode direction (see section 2.5). 1
The DTI parameter maps were then calculated using FSL dtifit and consisted 2 of Fractional Anisotropy (FA) and Mean Diffusivity (MD) [35] . Third, a template 3 image was constructed from the 3D FSE images of all subjects in the study 4 using the antsMultivariateTemplateConstruction2.sh script with cross-5 correlation metric and SyN transform (n=19) [31] . This template was then 6 registered to an atlas image of the PD18 Wistar rat brain, again using a cross-7 correlation metric and SyN transform [39] . Fourth, all subjects FSE images 8
were non-linearly registered to the study template using the 9 antsRegistrationSyN.sh script. Logarithmic Jacobian determinants were 10 calculated from the inverse warp fields in standard space to estimate apparent 11 volume change, and smoothed with a Gaussian filter at a full-width half- The inverse transforms from the atlas to the study template and from the 21 study template to each subject were applied to calculate the brain and atlas 22 based region of interest (ROI) volumes for each subject [35] . 23 24 1 2 2.7 Statistical analysis 3 4
A subset of maternal plasma levels of IL-6, consisting of those values only 5 from dams whose offspring were selected for MR imaging (n=5 CON dams vs. 6 n=5 POL dams) were compared using unpaired t-test (2-tailed), with α=0.05, 7
using Prism software (v6.0; GraphPad Inc. La Jolla, CA, USA). For the MR 8 image analysis, group-level differences in volume, FA (unit less) and MD 9 (mm 2 s -1 ) were assessed using atlas-based segmentation (ABS) [20], taking 10 advantage of a publicly available high resolution MRI atlas of the Wistar rat 11 brain at PD18 that is parcellated into 26 regions of interest (ROI) [39] . We 12 analysed relative volumes since total brain volume accounts for the majority of 13 inter-animal variation in the volume of individual brain structures [13, 41] . 14 Volume data for each atlas ROI was therefore expressed as a percentage of 15 total brain volume [20] . FA and MD values were analysed without this 16 correction. After image registration we successfully extracted values for 17 volume, FA and MD for 23/26 ROIs (missing ROIs: Pineal gland, pituitary 18 gland, optic pathway). Total brain volume was calculated from the summation 19 of each individual atlas ROI volumes [20] . Group-level differences between 20 CON and POL-exposed animals in relative volume, FA and MD were 21 assessed across these 23 ROI using a 2 x 2 ANOVA, with MIA (CON or POL) 22 and sex (male or female) as between and within group factor respectively, 23
using Prism software (v6.0; GraphPad Inc. La Jolla, CA, USA) with α=0.05. 24
The resulting p-values from the F-test contrasts (main effects of prenatal 25 treatment, sex and prenatal treatment x sex interaction) were then corrected 26 for multiple comparisons (to account for Type I errors across the 23 ROI) 1 using the False Discovery Rate (FDR) procedure, with the threshold set at 2 10% (q<0.1). This threshold was chosen based on simulation studies showing 3 that, at a 10% FDR, simulated volume losses/gains of 5-20% can be 4 recovered with a true false positive rate of <0.2% [42] . Therefore in addition to 5 p-values, we report q-values, which are FDR-adjusted p-values. Effect sizes 6
were calculated using either partial η 2 (ANOVA) or Cohen's d (t-test) as 7 appropriate. Due to the small sample size, particularly for sex, we do not 8 present any voxel-wise, whole brain analysis. 3.2 Atlas based segmentation analysis of volumetric and DTI datasets 21 22
3.2.1 Juvenile rat brain volume 23 24
Whole brain volumes were significantly affected as a function of sex 25 (F(1,15)=5.89 p=0.03). There were no significant effects of either MIA, or MIA 26
x sex interaction ( Table 1) . Main effects of sex were also found for the relative 27 volumes of 3/23 (13%) atlas ROIs, including the bed nucleus of the stria 28 terminalis (BNST), the cerebellum and the ventricular system, although these 29 did not survive correction for multiple comparisons (Table 1) . Nonetheless, 1 these trend-level results are consistent with known sexually dimorphic regions 2 in the rodent brain [43, 44] . A significant main effect of MIA was found for the 3 relative volume of the diagonal domain (DD), with subtly increased volume in 4 POL as compared to CON offspring (+4.4%; p<0.05, q<0.1; partial η 2 = 0.44; 5 Table 1; Figure 2) . The relative volumes of the olfactory structures and 6 preoptic area were also affected by MIA exposure, albeit only at trend level 7 (p<0.05, q>0.1; Table 1 ). Interactions between sex and MIA were found, again 8 only at trend level, for the relative volumes of a further 3/23 (13%) of the atlas 9
ROIs, including the DD, nucleus accumbens and anterior commissure 10 (p<0.05, q>0. The main findings of the current study are as follows. Exposure of pregnant 21
Wistar rat dams to poly (I:C) (POL) at GD15 has no effect on the total brain 22 volume (in mm 3 ) of juvenile offspring at PD21 relative to controls (CON). 23
Irrespective of gestation treatment brain volume did vary as a function of sex, 24
which is consistent with published data [43, 44] . When comparing the relative 25 volumes of 23 brain regions between CON and POL offspring at PD21, we 26 found only subtle neuroanatomical differences in the juvenile Wister rat brain. 27
Specifically, we provide preliminary evidence for a significant increase in the 1 relative volume of the diagonal domain (DD) in POL offspring with a robust 2 effect size (partial η 2 = 0.44). This effect appeared to be driven primarily by 3 female POL offspring, although this result did not survive FDR correction (MIA 4
x sex interaction; p<0.05; q>0.1). Additional volumetric changes, albeit at 5 trend-level only, were found for the relative volumes of the olfactory structures 6 and pre-optic area. Finally, we found no significant differences, even at trend-7 level, for microstructural alterations as indexed by either FA or MD. Taken 8 together, these data provide new information on the impact of MIA on the 9 juvenile Wistar rat brain, complementing and extending our recently published 10 work using this MIA protocol [27] . Equally, we cannot exclude the possibility that our negative results, 3 particularly where the DTI data are concerned, are not simply a reflection of 4 the small sample size. As already stated, the group sizes were chosen 5 pragmatically based on the absence of prior data regarding effect sizes, 6 ethical use of the minimum number of animals, access to the MRI scanner 7 and financial restraints. Our overall group size is also comparable to 8 previously published MRI studies in MIA models, but we acknowledge this is 9 likely underpowered to detect sex-specific effects [20, 24] . Taking these 10 factors into account we refer to all findings as preliminary, pending replication 11 in a larger cohort, which the data generated in the current study allows us to 12 accurately calculate. For example, using the effect size for the main effect of 13 MIA on relative DD volume (partial η 2 = 0.44), a power calculation (F-test, 14 repeated measures ANOVA, between factors) suggests that for a longitudinal 15
imaging study with 2 groups (CON and POL) and 3 time-points, at least n=16 16 (8 male, 8 female) offspring should be included in each group to achieve 17 α=0.05 with 95% power (G*Power v3.1.9.2). Third, we chose to collect ex vivo 18 MR images, as opposed to in vivo MR images. The enhanced image quality 19 available with ex vivo data increases the statistical power to detect subtle 20 volume changes when performing cross-sectional comparisons of two groups 21 [13, 41] . Therefore, if the study objective is detection of a neuroanatomical 22 phenotype, without attention to its time course, then ex vivo imaging is 23 preferable, hence our decision to opt for this approach [13] . Balanced against 24 this argument is the fact that the sample preparation (perfusion and tissue 1 fixation) for ex vivo imaging may cause morphological disruption to the 2 tissues, which could affect interpretation of the data. This is particularly true 3 for the ventricular system, which may collapse post-perfusion, such that 4 group-level differences in ventricular volume in vivo are not preserved ex vivo 5
[45]. This is relevant as in vivo studies in MIA rat models do show differences 6 in ventricular volume [20, 24] . Total brain volume and that of most grey matter 7 structures also shrinks post-perfusion [16, 41, 46] . Prior work however, 8
including our own, suggests that major group-level differences in grey matter 9 volumes are preserved despite this shrinkage from in vivo to ex vivo and can 10 be confirmed post-mortem [16, 41] . Taken together, the choice of ex vivo MR 11 imaging is consistent with the aims of the current study, but the case for 12
longitudinal in vivo studies is also reinforced. 13 14 Accepting these limitations, a cautious interpretation of these preliminary data 15 suggests some interesting observations. We found no significant effects of 16 maternal POL exposure on the volume (or microstructure) of the rat 17 hippocampus, prefrontal cortex, corpus striatum or lateral ventricles at PD21. 18
This may suggest that MRI-detectable changes in these regions only emerge 19
with increasing post-natal age and are not present in the juvenile brain [20, 20 24]. Our preliminary findings highlighting the DD as a structure specifically 21 affected in the juvenile rat brain following MIA are potentially intriguing, based 22 on other lines of evidence. Efferent projections from the DD innervate several 23 brain regions, but the majority project to the hippocampus via the medial 24 septum, where they contribute to the modulation of hippocampal theta (θ) 1 oscillations that are important for attention, spatial and working memory and 2 sensory information processing [47] [48] [49] . It is noteworthy then that decreased θ 3 rhythms are reported in the adult rat hippocampus following exposure to MIA 4 at GD15, which are related to memory and sensory processing impairments in 5 these animals [31, 50, 51] . Furthermore, increased number and activity of 6 cholinergic neurons is reported in the basal forebrain (which includes the DD), 7 in the offspring of poly (I:C) exposed dams in early post-natal life (PD1) [52] . 8
Similar findings of increased cholinergic neuron density and activity have also 9 been reported in post-mortem human basal forebrain tissue from individuals 10 aged <13 years old with a diagnosis of ASD [53] . Taken together, there is 11 circumstantial evidence to suggest that our preliminary MRI finding of elevated 12 DD volume could have functional and clinical relevance, which can be tested 13 in future studies. 14 15
Conclusion 16 17
The findings of the current study provide new insights into the impact of 18 gestational poly (I:C) exposure on the juvenile (PD21) Wistar rat brain, 19
complementing and extending our work using this model [27] . The data, albeit 20 preliminary due to the small sample size, suggests that the DD is the only 21 structure significantly affected at this time-point, with increased volume in 22 offspring exposed to MIA. Our data also provide publicly available data on 23 effect sizes to aid the design of longitudinal in vivo MRI studies in this model. 24
Such studies are now clearly required to confirm the functional relevance of 25 the observed DD volume changes with regard to adult behavioural dysfunction 1 and to establish the underlying cellular and molecular mechanisms. diagonal domain (DD) with an increase in POL-exposed offspring compared to 12 controls at PD21. This increase is more apparent in the females POL offspring 13
as compared to the males. Data shown are relative volumes, expressed as 14 the percentage of total brain volume. ★p<0.01 main effect of MIA, corrected 15
for multiple comparisons at q<0.1 using FDR procedure; Δp<0.05, MIA x sex 16
interaction at trend level significance (p<0.05; q>0.1). A, Anterior; P, posterior; 17 L, left, R, right. 18
1 Table 1 . The results of a 2 x 2 ANOVA statistical analysis of whole and 2 regional brain volumes at PD21 comparing CON and POL-exposed offspring. 3
Only ROIs with p<0.05 (prior to multiple comparison correction) are shown. 4
The p-values shown are derived from the F-tests of the main effects of either 5
MIA or sex and MIA x sex interaction run across all 23 ROI. The q-values 6 indicate statistical significance after FDR correction using the Benjamini-7
Hochberg procedure with a 10% threshold (q<0.1) to control for Type-I errors 8
across the multiple ANOVA tests. Significant (p<0.05; q<0.01) F-tests are 9
highlighted in red, whilst those in blue were significant at trend-level only 10 (p<0.05; q<0.1). 11 12 1 2
